Regulatory Toxicology and Pharmacology 36, 34-39 (2002) 
doi : 10. 1006/rtph.2002. 1570 



Support of Science-Based Decisions Concerning the Evaluation 
of the Toxicology of Mixtures: A New Beginning 

Linda Teuschler, 1 James Klaunig, 2 Ed Carney, 3 Janice Chambers, 4 Rory Conolly, 5 Chris Gennings, 6 * 
John Giesy, 7 Richard Hertzberg, 1 Curtis Maassen, 8 Ralph Kodell, 9 Dennis Paustenbach, 10 and 
Raymond Yang 11 (Authors listed as Committee Chair, Co-Chair, and then alphabetically) 

'U.S. EPA-National Center for Environmental Assessment, Cincinnati, Ohio; 2 Department of Pharmacology /Toxicology, Indiana University 
School of Medicine, Indianapolis, Indiana; 3 Dow Chemical Company, Midland, Michigan; 4 College of Veterinary Medicine, Mississippi; 
State University Mississippi State, Mississippi; S CIIT, Research Triangle Park, North Carolina; 6 Department of Biostatistics, Virginia 
Commonwealth University, Richmond, Virginia; 7 Michigan State University, East Lansing, Michigan; » Department of Pharmacology I 
Toxicology, University of Kansas Medical Center, Kansas City, Kansas; 9 Division Of Biometry and Risk Assessment, National Center 
for Toxicologic Research, Jefferson, Arkansas; '"Exponent Environmental Group, Inc., Menlo Park, California; 
and " Center for Environmental Toxicology & Technology, Colorado State University, Ft. Collins, Colorado 

Received November 15, 2001 



INTRODUCTION 

Evaluation of potential human health hazards from 
exposure to chemical mixtures in the environment 
presents one of the most difficult challenges for risk as- 
sessment as well as for toxicological research. Yet leg- 
islative mandates (the so-called Superfund Act of 1980, 
the Food Quality Protection Act, and the Safe Drinking 
Water Act, Amendments passed in 1996) that apply to 
the U.S. EPA require consideration of joint chemical ex- 
posures and of chemical mixture toxicity in regulatory 
decision-making. 

Current methods for conducting chemical mixture 
health risk assessments were developed to use avail- 
able experimental data as well as the health effects 
data in the toxicological and epidemiological literature. 
These methods generally rely on default assumptions 
whose validity is unknown (ATSDR, 2000a,b,c; U.S. 
EPA, 2000). Moreover, the basic toxicology database is 
inadequate for assessing risk for the vast majority of 
chemical mixtures. Thus, a substantially enhanced tox- 
icology research program is required in order to provide 
a strong, science-based approach to the assessment of 
the potential toxicity of chemical mixtures. 

Chemical mixture risk assessment methods fall into 
the two general categories of whole mixture approaches 
(in which complex mixtures are evaluated as though 
they are single entities) and component-based ap- 
proaches (in which the interaction of certain individual 
components in a mixture is considered to estimate 
toxicity of the mixture) (NRC, 1988; Cassee et al., 
1998; Calabrese, 1991; Yang, 1994). Whole mixture ap- 
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proaches involve either direct evaluation of the mixture 
of concern or an assessment of the mixture of concern 
using data available on a "sufficiently similar" mixture 
(i.e., one that has similar components and proportions of 
those components to the mixture of concern). The most 
widely used component-based methods are dose addi- 
tion (assumes same mechanism of action across compo- 
nents) and response addition (assumes independence of 
toxic action across the components). Dose addition oper- 
ates by summing the exposure levels of similar compo- 
nents in a mixture and estimating mixture risk directly 
from the summed dose. Response addition operates by 
estimating risk for each individual component and sum- 
ming these to estimate the mixture risk. Methods have 
also been proposed for incorporating evidence of toxico- 
logic interactions (Hertzberg et al., 1999; Mumtaz and 
Durkin, 1992). It is recognized that the understanding 
of the mixture must be improved to reliably assess and 
predict specific human and environmental risks from 
chemical mixtures. 

There is often a discussion of the differences be- 
tween interpreting the effects of exposure to mixtures 
for wildlife and humans. Issues relative to the effects 
of interactions and their effects on extrapolations and 
testing methods are similar for wildlife and humans. 
Thus, there are few issues relative to the approaches to 
studying mixtures that are unique to wildlife species. 
Therefore, no effort has been made to separate these 
issues in this document. Although each of the points 
made in this report can be applied to both humans 
and wildlife, there are differences in exposure path- 
ways. Because wildlife species are often exposed to com- 
plex environmental mixtures and there are a number 
of similarities in biochemical pathways between wildlife 
and humans, they can serve as environmental sentinels 
(Kendall et al. , 1998). However, additional research is 
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needed because there can be significant differences, es- 
pecially in exposure pathways, xenobiotic metabolism, 
and physiology. 

Under the leadership of the Society of Toxicology, in 
conjunction with the Society for Environmental Toxicol- 
ogy and Chemistry, a Steering Committee 1 was formed 
to convene an Expert Working Group (the authors of 
this Commentary) to discuss the challenges of mixture 
toxicity and suggest research strategies to meet pol- 
icy needs. 2 This Commentary represents a consensus 
paper suggesting that, while there is a need to build 
upon the current science, toxicology must advance into 
largely uncharted territory that places a strong empha- 
sis specifically upon three key ideas: 

1. Toxicology experiments on whole mixtures or mix- 
ture components should include doses at or below the 
no-observed-effect levels [NOAELs/NOELs] for individ- 
ual mixture components. The mixture components that 
are tested and their relative proportions in the mixture 
also should reflect those seen in environmental sam- 
ples. In addition, the impact of the unidentified materi- 
als in the mixtures should be considered. 

2. Amplify results generation and conserve resources 
through collaborative efforts. Future experiments using 
a multidisciplinary team approach should be encour- 
aged. Collaborative research using a program-project 
approach should also be encouraged in which multiple 
investigators plan the research, share tissues from a 
pool of commonly treated animals, and share biomath- 
ematical models and data analysis tools. 

3. Employ novel approaches and new technologies. 
Cutting edge research approaches (e.g., computer mod- 
eling of interactions, new in vitro assays, efficient exper- 
imental designs) and methodologies (e.g., on genomics, 
proteomics, bioinformatics) should be applied to the 
mixtures issue. The information necessary to develop 
biologically based models should be generated. 



1 Steering Committee members (listed alphabetically): J. Bucher, 
National Institutes of Environmental Health Sciences (NIEHS); 
J. Bus, American Chemistry Council (ACC); W. Farland, U.S. Envi- 
ronmental Protection Agency, (U.S. EPA); J.Foran, Society for Envi- 
ronmental Toxicology and Chemistry (SETAC); J. Goodman (Chair- 
person), Michigan State University; S. Lamb (Society of Toxicology); 
A. Mason, Chlorine Chemistry Council (CCC); R. Parrish, SETAC; 
and C. Thompson, NIEHS. 

2 The SOT Steering Committee commissioned this Expert Working 
Group as the first effort in a series of activities intended to advance the 
scientific understanding of environmental mixtures as the foundation 
supporting future risk assessments. This Expert Working Group was 
charged with evaluating the state of the science on environmental 
mixtures, providing a conceptual framework for future mixtures re- 
search, and suggesting potential areas for empirical and mechanistic 
experimentation. Future SOT-led efforts will build upon this base and 
provide guidance regarding the scope of a research agenda, suggest 
relationships for conducting collaborative research, and provide sci- 
entific insights into the evolving policies addressing environmental 
mixtures. 



Because the issues among the above three areas are 
interwoven, we selected the following aspects for ex- 
panded discussion in the hope of stimulating interests 
and thoughts in chemical mixture research. The SOT 
Expert Working Group concluded that the scientific 
challenges of chemical mixture toxicology and risk as- 
sessment are substantial and warrant considerable at- 
tention. In particular, they recognized a need to move 
mixture research beyond current scientific methods and 
practices in order to strengthen the mechanistic under- 
standing of the potential toxicity of mixtures to improve 
the quality of risk assessments and to aid in the devel- 
opment of improved science policy. 

FOCUS ON REAL WORLD EXPOSURES 

The limitations of the available scientific databases 
for chemical mixtures challenge decision-makers. The 
majority of mixture studies in the available literature 
are experiments testing high doses of a few consti- 
tuents, using experimentally expedient compositions. 
Most real world human and environmental exposures, 
however, are to low doses and to a complex range of 
chemicals. And perhaps of equal importance, most mix- 
ture toxicology studies have not considered the po- 
tential implications of simultaneous exposures to the 
broad range of natural chemicals intrinsic to human 
and animal diets. Thus, the toxicity of low-dose com- 
ponent mixtures has not been effectively character- 
ized. Because of critical data gaps, uncertainties occur 
when extrapolating from high concentrations in the 
laboratory to lower environmental concentrations (re- 
viewed in Berenbaum 1989; Borgert, 2001; Groten et al. , 
2000) or from component information to complex mix- 
ture exposures. Such extrapolations are complicated by 
the influence that both dose and relative component 
concentrations can have on potential interactions and 
toxicity. 

To improve on default approaches to risk estimation 
for mixtures, it is necessary to develop data that support 
risk calculations in a specific quantitative way. One of 
the key hypotheses to address is whether mixture tox- 
icity at low concentrations is best represented by the 
most toxic component of the mixture or, conversely, by 
a model of combined toxic action. A few mixture studies 
have attempted to relate the toxicity of the mixture to 
the expected toxicity based on individual mixture com- 
ponents. Most notable for purposes of low-dose risk as- 
sessment are studies suggesting that when toxicologi- 
cally dissimilar chemicals are present in a mixture near 
their minimum effect concentrations, the toxicity of the 
mixture reflects the toxicity of the most potent compo- 
nent of the mixture for any particular toxic endpoint 
(Jonker etal, 1996, 1993, 1990). Whether this holds as 
a general rule is an important question for mixture re- 
search because the answer has profound implications 
for risk assessment. 
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Dose addition is often used to estimate cumulative 
mixture risk at environmental exposure levels based 
on the assumption that a constant relative potency 
between mixture components in a substantially higher 
dose range signifies a common mode of action. Although 
this is a reasonable default approach in the absence 
of more informative low-dose data, experimental con- 
firmation of dose additivity in a high-dose range does 
not necessarily imply similar behavior at substantially 
lower doses. Real-world environmental exposures to 
mixtures involve exposure levels of individual com- 
ponents that are lower than their individual experi- 
mental thresholds for toxic effects. Methods that are 
commonly used to characterize dose addition in the ob- 
servable range of overt effects (e.g. , isobolograms) do not 
necessarily extrapolate to dose levels of mixture compo- 
nents that are well below their individual NOAELs for 
overt effects. However, there is a rich statistical litera- 
ture on the assessment of dose addition, as well as the 
characterization of departures from dose additivity (re- 
sponse addition, synergism, antagonism, etc.), includ- 
ing guidelines for efficient but powerful experimental 
designs. Alternative statistical designs analysis meth- 
ods are beginning to be used, such as (fractionated) fac- 
torial designs, ray designs, dose-effect surface analysis, 
and statistical testing for departures from additivity. 
These statistical models, useful in detecting and char- 
acterizing interactions among components in a mixture, 
are based on the fundamental concept that an inter- 
action implies a change of slope of the dose-response 
curve of one compound in the presence of another. Re- 
searchers need to reevaluate the concepts of dose addi- 
tion and response addition, as they may be unnecessar- 
ily restrictive and compartmentalized. Development of 
more generalized approaches for describing additivity 
and departure from additivity of mixtures of chemicals 
with particular emphasis on low-dose regions would 
be useful. These are needed to ensure that data col- 
lected on mixtures at subthreshold individual doses will 
enable validation of quantitative risk predictions pro- 
duced by biomathematical models that link precursor 
effects to overt toxic effects. 

Empirical approaches have also been used to exam- 
ine the impact of low-level exposures to mixtures. One 
such approach is to concentrate a complex mixture to 
produce observable toxicity in laboratory assays. This 
has the advantage of testing both the known compo- 
nents and the unidentified fraction of the mixture in 
the assay. At the same time, these studies can be prob- 
lematic because the chemical composition of the com- 
plex mixture is changed; thus, the toxicological proper- 
ties of the mixture may be altered. However, depending 
upon the chemicals and concentrations of concern, 
whole mixture studies can be performed in ways that 
reduce concerns over extrapolating to higher or lower 
concentrations (Chapin et al., 1989; Heindel et al., 1994; 
Groten et al., 1997). Thus, more empirical studies such 



as these are needed in order to test the validity of, and 
to enhance the predictive power of, mechanism-based 
and computational models. 

These dose-response considerations not only apply 
to empirical mixture studies, but also to mechanistic 
ones as well. Mechanistic studies focused on low-dose 
exposures can provide a biological basis for phenom- 
ena such as dose addition or response addition, lend- 
ing critical support to the primary default assumptions 
used in mixture risk assessments. Any toxicant is likely 
to induce some biochemical effects in the target organ- 
ism, associated with either the specific target molecule 
or with pharmacokinetic factors such as detoxication 
mechanisms. It is these precursor biochemical alter- 
ations, which may or may not be "adverse" effects, which 
will be able to extend the dose-response curve to low 
concentrations of toxicants. Causal associations must 
be identified for the biochemical changes and associated 
overt toxicity. While the biochemical parameter mea- 
sured may be a precursor several steps prior to the pro- 
duction of the specific toxic effect, the ideal biochemical 
marker would be one that is in the direct mechanistic 
sequence from absorption of a chemical to production of 
its specific effect, that is, not influenced by processes or 
inputs other than the action of the chemical. It is also 
necessary to understand that dose influences mecha- 
nism. Since biological responses occurring at high doses 
will not necessarily happen at low doses, research de- 
signed to explore the existence of thresholds for poten- 
tial toxicity should be encouraged. 

Finally, toxicologists should consider potential differ- 
ences in exposure factors between environmental mix- 
tures and laboratory exposures in designing their ex- 
periments. Exposures to mixtures typically occur by 
several exposure pathways (e.g., oral, inhalation, der- 
mal) for chemicals present in air, soil, water, food, and 
commercial products. Because the potential exists for 
changes in chemical composition during fate and trans- 
port of a chemical mixture in the environment, there 
are significant uncertainties related to identifying the 
chemical composition of a mixture and evaluating its 
toxicity. 

To be useful in regulatory decision-making, the 
laboratory toxicity data should be representative of 
the potential toxicity caused by the environmental 
exposure. Experimental paradigms characterizing only 
the interactions of chemicals at high doses relative to 
actual environmental exposures will not provide the 
necessary data to support scientifically informed health 
policy decisions. 

USE COLLABORATIVE EFFORTS TO EXPAND 
RESULTS GENERATION AND 
CONSERVE RESOURCES 

Future experiments should be conducted using a mul- 
tidisciplinary team approach, including the expertise of 
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toxicologists, epidemiologists, statisticians, risk asses- 
sors, modelers, exposure experts, and other scientists. 
Because resources are scarce, studies should target the 
chemical mixtures, exposure routes, dose levels, and 
potential interactions of greatest value to a risk assess- 
ment issue. The goals of such studies can be established 
to answer toxicological questions relevant to a regu- 
latory decision. Appropriately designed interactions 
studies that use a factorial design are generally large 
and expensive; thus, efficient experimental designs and 
statistical models can be employed to provide infor- 
mation on toxicity and interaction effects without im- 
plementing a full factorial design. Researchers should 
be cognizant of using study designs and sample sizes 
sufficient to achieve reasonable power to detect "biolog- 
ically meaningful" interactions if they exist. Otherwise, 
claiming the null hypothesis of zero interaction when an 
interaction is not detected may be misleading. 

The involvement of scientists from other disciplines 
whose research is relevant to toxicology should be 
encouraged in collaborative research. Such research 
can be performed using a program-project approach 
in which multiple investigators plan the research and 
share tissues from a pool of commonly treated ani- 
mals. Such efforts should lead to more efficient research 
through improved experimental design while decreas- 
ing the number of animals used. 

Vertical communication among scientists operating 
at different levels of the risk assessment process is 
essential. It is incumbent on those developing statis- 
tical methods and biomathematical models for risk 
estimation to make known to the experimentalists the 
specific data needs for improving the risk calculations. 
Similarly, it is incumbent on experimentalists develop- 
ing data at low doses on precursor biological effects 
to inform those developing quantitative methods for 
risk assessment how their refined data can be used 
to improve quantitative risk estimation for overt ad- 
verse effects. The best way to improve on default ap- 
proaches to risk estimation for mixtures is to develop 
data that inform risk calculations in a specific quantita- 
tive way. Such data will enable refinement of the overly 
simplistic use of dose addition or response addition 
to estimate mixture risk at environmental exposure 
levels. 



EMPLOY NOVEL APPROACHES 
AND NEW TECHNOLOGIES 

With the remarkable advances in cell and molecular 
biology in the last few decades, particularly the explo- 
sive progress of genomics, proteomics, and bioinformat- 
ics in recent years, the area of toxicology of chemical 
mixtures, as in many other biomedical fields, may un- 
dergo revolutionary changes. Conventional animal tox- 
icology testing methods are inadequate for the evalu- 



ation of chemical mixtures because of the complexity 
and high demand on resources (Yang, 2000). Even more 
importantly, conventional animal toxicology testing 
methods are usually single time point determinations 
at terminal sacrifice; these methods are not designed 
to obtain quantitative information of the time-course 
fate of the chemical in the body (i.e., pharmacokinetics) 
and/or time-course receptor interactions or toxic res- 
ponses (i.e., pharmacodynamics). Thus, even if toxi- 
cologic interactions are detected, the mechanistic 
bases for such interactions typically remain unknown. 
Given these limitations, novel approaches should be in- 
vestigated, new technologies applied, and approaches 
should be devised to integrate newly emerging data 
into toxicological evaluations. New methods can in- 
clude: (1) computational technology; (2) mathematical/ 
statistical modeling; (3) mechanistically based, short- 
term toxicology studies; (4) the latest advances in cell 
and molecular biology methodologies; (5) new in vitro 
studies for screening mixtures toxicity; (6) approaches 
developed to understand and analyze data on genomics 
and proteomics (i.e., bioinformatics); and (7) technolo- 
gies available in other disciplines beyond the normal 
toxicological boundaries such as engineering and com- 
puter science. 

Given that exhaustively testing all mixtures of con- 
cern in the laboratory is impractical, predictive tools are 
needed to focus on specific exposures. Computational 
models describing the mechanisms by which mixture 
components interact have the potential to play this pre- 
dictive role, though such models are not yet generally 
available. Given the diversity of mixtures in the envi- 
ronment, predictive capability will be needed for mix- 
tures other than those that were studied in the lab- 
oratory and that were used to support development 
of the computational models. This means that purely 
statistical models will be of limited value, as statisti- 
cal models are less useful than models of mechanisms 
when extrapolating outside the domains over which 
they were developed. Biologically based models, on the 
other hand, can be useful for extrapolation since these 
models focus on the mechanisms of action that under- 
lie toxic effects. A key point to be made here is that 
models are most useful when they are developed side- 
by-side with laboratory studies, so that each can inform 
the other. When the understanding of the biological is- 
sues is sufficiently mature, and the formal (computer) 
model correspondingly mature, then the model can have 
value for prediction for situations that have not been ex- 
amined in the lab. Any expectation that (mechanism- 
based) computer modeling will some day provide the 
answer to the problem of mixture toxicology must as- 
sume this maturity of the biologically based computer 
model. Progress is most likely, therefore, when the 
focus is on cooperative interactions between toxicolo- 
gists interested in experimental studies of mechanisms, 
statisticians with expertise in experimental design and 
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analysis, developers of computer models (who can also 
be the experimentalists), and risk assessors (who may 
also be the experimentalists and/or modelers). This 
paradigm for the efficient integration of laboratory re- 
search, computer modeling, and risk assessment is ap- 
plicable not only to the problem of mixtures but also 
more generally in toxicology (Conolly et al., 1999). 

Another inherent advantage of mechanism-based 
models is that they can naturally incorporate informa- 
tion on variations in model structure and in parame- 
ter values to account for age, sex, and genetic status. 
This incorporation is possible to the extent that there 
is a clear understanding of how age, sex, and genetic 
status affect the mechanism (or mode) of action. For ex- 
ample, age-dependent changes in body and tissue size, 
in blood flow rates, and rates of xenobiotic metabolism 
can readily be incorporated into PBPK models (e.g., 
O'Flaherty, 1994). Interindividual differences in ge- 
netic status could be represented by, for example, the 
presence or absence in the model of specific xenobi- 
otic metabolizing enzymes. Once again, it should be 
emphasized that the limitation with respect to incor- 
porating such information into mechanism-based mod- 
els is not the development of the models per se, but in 
the relevance and quality of the information available 
for use in the models. Cooperative interactions among 
individuals with the requisite expertise will thus be 
required. 

Finally, to understand the toxicology of chemical mix- 
tures, basic mechanistic data need to be obtained. All 
of the new techniques and technology, including pro- 
teomics and genomics, along with computer modeling 
and application of PBPK modeling to the mixtures 
problem require basic mechanistic research as a foun- 
dation on which to base these models. The specific 
methods and techniques used to develop basic mech- 
anistic data are certainly important. However, the 
questions should be hypothesis driven and mechanism 
of action should be incorporated into the methodo- 
logy and techniques involved in assessing mixture 
toxicity. 

CONCLUSIONS 

In discussing the future of toxicological research to 
enhance chemical mixture risk assessment and policy- 
making, the SOT Working Group reached several ba- 
sic conclusions that are meant to guide research ef- 
forts. Clearly, the toxicological database available for 
estimating chemical mixture health risks must grow 
in both size and sophistication in order to make a dif- 
ference in the way risks are currently estimated and 
regulated. As "smarter" data and analyses emerge de- 
tailing mechanistic data, genetic information, computer 
modeling predictions, mechanistic modeling results, 
interaction effects, and the behavior of mixtures at 
low doses, methods for evaluating health risks can be 



improved, and regulations can be based on better 
science. Because of the complexity of the mixture prob- 
lem, continued creation and discovery of new labora- 
tory procedures, experimental designs, and approaches 
is essential for supporting scientific advances in mix- 
tures toxicology. 
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The assessment of chemical mixtures is a complex topic for toxicologists, regulators, and the public 
In this article the linkage between the science of toxicology and the needs of governmental regulatory 
agencies in the United States is explored through an overview of environmental regulations enacted 
over the past century and a brief history of modem toxicology. One of the goals of this overview is to 
encourage both regulators and scientists to consider the benefits and limitations of this science- 
regulatory relationship as they tackle existing issues such as chemical mixtures. It is clear that a) over 
the past 100 years chemical regulation and toxicologic research, have in large part, shared a common 
emphasis on characterization and regulation of individual chemicals. But chemical mixtures have 
been, and continue to be, evaluated at hazardous waste sites around the United States. For this rea- 
son the current U.S. Environmental Protection Agency guidelines for chemical mixtures assessment 
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Toxicology is the workhorse science of numer- 
ous industries and regulatory agencies. By pro- 
viding a more complete understanding of the 
toxic effects of chemicals, toxicology has also 
provided many societal benefits. Toxicology is 
used in the characterization and development 
of standards for regulation of natural and pro- 
duced chemicals, ranging from those com- 
monly used in food production to chemicals 
that may contaminant soil, water, or sediments 
at hazardous waste sites. It has been noted that 
most 20th-century toxicologic studies were pri- 
marily concerned with the effects of individual 
chemical exposures, laying the groundwork for 
the development of toxicology as a "single- 
chemical science." However, we are seldom if 
ever exposed to single chemicals; whether it is 
through our diet, pharmaceuticals, air, or our 
drinking water, we are exposed to mixtures of 
both anthropogenic and naturally occurring 
chemicals. 

Members of communities located adjacent 
to hazardous waste sites or in industrial cities 
where they may receive exposure to hazardous 
chemicals through multiple sources are per- 
haps most acutely aware of their potential 
exposure to chemical mixtures. Often, in the 
United States, characterization of a hazardous 
waste site reveals multiple chemicals from mul- 
tiple pathways resulting in a complicated 
matrix of chemicals and concentrations. For 
assessment purposes, the U.S. Environmental 
Protection Agency (EPA) defines chemical 
mixtures as either a) simple mixtures, contain- 
ing "two or more identifiable components but 



few enough that the mixture toxicity can be 
adequately characterized by a combination of 
the components toxicities and the components 
interactions'' or b) complex mixtures contain- 
ing "so many components that any estimation 
of its toxicity based on its components' toxici- 
ties contains too much uncertainty and error 
to be useful" (U.S. EPA 2000). 

Current methodologies for human health 
risk assessment commonly treat mixtures as 
simple mixtures, deriving the combined toxic- 
ity of individual components primarily from 
single-chemical studies. Community members 
active in monitoring waste site assessment and 
remediation question the adequacy of human 
health assessments based on a components 
approach. They are concerned that all chemi- 
cals may not be accounted for, or that poten- 
tial interactions may not be considered in 
health risk assessments. This present project 
originated from these community concerns. 
The original goal was to review current mix- 
tutes assessment methodology. However, it 
soon became clear that mixtures assessment is 
an evolving discipline within toxicology. 

Because researchers and regulators working 
to improve the human health assessment of 
chemical mixtures will likely build upon past 
tegulatory and toxicologic methodology and 
technology, it is relevant to consider the past 
century of toxicology and chemical regulation 
and consider past goals and limitations in both 
the science and regulation of chemicals. 
Therefore, this overview touches upon the 
modern history of toxicology (defined here as 



postindustrial/postchemical revolution, begin- 
ning around the mid- 19th century) and chem- 
ical contaminant regulation. Of the regulations 
reviewed below, the assessment methodology 
for chemical mixtures set forth in support of 
the Superfund Comprehensive Environmental 
Response, Compensation, and Liability Act 
of 1980 (CERCLA) is reviewed in some 
detail (CERCLA 1980). A brief discussion of 
the current status of mixtures evaluation and 
concluding remarks follow. 

Toxicology 

Toxicology is an ancient practice through 
which naturally derived poisons were likely 
used for hunting, warfare, medicinals, and 
even intentional poisonings (Borzelleca 2001). 
Although toxicology's beginnings as a scien- 
tific discipline may be traced back several cen- 
turies to practitioners such as Paracelsus or 
Orfila (Borzelleca 2001), this overview focuses 
on a more modern era of toxicology. 

The chemical/industrial revolutions of the 
mid- 18th and 19th centuries resulted in large- 
scale releases of naturally occurring chemicals 
into the environment, in addition to the pro- 
duction and release of new substances unlike 
any that had existed before. This rapid growth 
of chemical use provided the backdrop for the 
emergence of the many branches of toxicology 
that exist today, including pharmacology, pes- 
ticide toxicology, occupational toxicology, and 
environmental toxicology. The toxicology we 
practice today was built upon the knowledge 
and methodology developed by its early practi- 
tioners. For example, observations of occupa- 
tional illnesses associated with chemical 
exposures were recorded early in the history of 
toxicology [e.g., as noted by Borzelleca (2001), 
diseases of miners were described by Ramazzini 
in 1705], and modern occupational toxicology 
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advanced our understanding of occupational 
disease in the early-20th century through the 
work of Alice Hamilton, Ethel Browning, and 
others (Borzelleca 2001). 

According to an essay by John Doull 
(2001), formal recognition of toxicology as an 
academic discipline occurred around 1959 
with the advent of the first journal devoted to 
toxicologic and pharmacologic study, the first 
modern toxicology textbook, and the forma- 
tion of the first Society of Toxicology (SOT) 
in 1961. Although these dates mark the for- 
mal beginnings of the academic discipline, 
toxicologic studies had been conducted 
throughout the early 20th century to charac- 
terize various chemicals, including chemical 
warfare agents, pesticides, and food products, 
with practitioners trained in other fields, 
including medicine, chemistry, and pharma- 
cology (Borzelleca 2001; Doull 2001; 
National Research Council 1997). It was 
through the efforts of these scientists that tox- 
icology developed into a rigorous scientific 
and academic discipline. 

At the time of toxicology's emergence as a 
discipline, according to Scala (1999), the main 
emphasis of the field was devoted primarily to 
chemical characterization and safety evalua- 
tion, rather than mechanistic toxicology. 
Scala's observation is interesting considering 
that according to Borzelleca (2001), toxicol- 
ogy's mechanistic basis developed early in the 
mid- 19th century, along with concomitant 
advances in physiology. Perhaps the emphasis 
on characterization and safety evaluation of 
the early 20th century resulted from the influ- 
ence of governments needs. Indeed, one 
"working hypothesis about the development 
of toxicology is that the discipline expands in 
response to legislation, which itself is a 
response to real or perceived tragedy" (Gallo 
1996). As reviewed below, much of the early 
legislation in the United States (e.g., early 
20th century) pertained to the control and 
effectiveness of individual chemicals used in 
food, drug, and pesticide formulation. 

Toxicologists have long understood that 
chemicals interact in the body and that the 
kinetics and dynamics of chemicals, in addi- 
tion to consideration of the biochemical status 
(e.g., nutritional, hormonal, and stress status), 
are fundamental to the science. For example, 
through study of the cytochrome-P450 system 
(CYP), we know that endogenous chemicals 
may affect the kinetics and dynamics of xeno- 
biotics and vice versa (Parkinson 1996). 
Knowledge that chemical interactions may 
underlie many toxicologic outcomes is integral 
to the teaching and practice of toxicology. 
Pharmacologists, in particular, routinely con- 
sider the importance of drug interactions, and 
literature on drug interactions abounds (e.g., 
Burns and Conney 1974; Indiana University 
School of Medicine 2004). 



And so, although a great majority of early 
toxicologic studies were devoted to the charac- 
terization of individual chemicals, it was not for 
ignorance of the importance of multiple chemi- 
cal interactions. An early discussion of chemical 
interactions by Bliss (1939) defines three main 
categories of joint chemical action that are still 
relevant today: a) independent joint action, 
which refers to chemicals that act indepen- 
dendy and have different modes of action (i.e., 
different mechanisms), such that the presence 
of one chemical will not impact the toxicity of 
another, and the combined toxicity can be pre- 
dicted from knowledge of the independent 
chemicals; b) similar joint action, which refers 
to chemicals that cause similar effects often 
through similar mechanisms, and in this case 
how the presence of one chemical may affect 
the impact of another chemical (e.g., if two 
chemicals, A and B, act by combining with the 
same receptor in the body, the impact of B will 
depend on how much chemical A is present — 
its effect might be lessened or heightened if A is 
present), so, as with independent joint action, 
toxicity can be predicted with knowledge of the 
independent chemicals; and c) synergistic 
action, where 
the effectiveness of the mixture cannot be assessed 
from that of the individual ingredients but 
depends upon a knowledge of their combined tox- 
icity when used in different proportions. One 
component synergizes or antagonizes the other. 
(Bliss 1939) 

The U.S. EPA defines synergism as "when 
the effect of the combination is greater than 
that suggested by the component toxic 
effects" (U.S. EPA 2000). 

More than six decades after Bliss's publica- 
tion, however, few studies have addressed the 
intetactive effects of chemical mixtures. A lim- 
ited review of 151 papers published in 1992 
suggested that some "95% of the resources in 
toxicology is devoted to single-chemical stud- 
ies" (Yang 1994a). Of the toxicologic studies 
that do address chemical interactions, the 
most focus on either sequential exposure to 
two different chemicals (e.g., many CYP stud- 
ies employ sequential exposures) or exposure 
to binary mixtures (Hertzberg and Teuschler 
2002; Yang 1994a). Additionally studies 
designed to address mixtures of several differ- 
ent chemicals at environmentally relevant con- 
centrations [i.e., either near lowest observed 
adverse effect level (LOAEL) or no observed 
adverse effect level (NOAEL)] have led to 
opposing conclusions. One study suggests that 
"as a rule" mixtures below the NOAEL should 
present no health concern (interactive effects 
were reported at the LOAELs) (Cassee et al. 
1998), whereas another suggests that even 
low-level exposure to chemical mixtures may 
cause subtle biologic effects, some of which 
may not be detectable by current methods 
(Yang 1994b). Still another review found that 



although some studies "support the hypothesis 
that adverse effects are unlikely when the mix- 
ture's components are present well below their 
individual thresholds," it is "prudent to antici- 
pate exceptions to the rule" (Seed et al. 1995). 
Over the past 15 years, several studies with 
chemical mixtures (e.g., hormonally active 
chemicals or pesticides) at concentrations near 
or below the no observed effect concentration 
(NOEC) or the NOAEL have reported poten- 
tially harmful biologic responses (Cavieres 
et al. 2002; Rajapakse et al. 2002; Welshons 
et al. 2003). 

It is clear that interest and research on 
chemical mixtures have intensified over the 
past decade, as evidenced by review articles 
(Carpenter et al. 2002; Feron et al. 2002; Seed 
et al. 1995), meetings [e.g., the Agency for 
Toxic Substances and Disease Registry 
(ATSDR) International Conference on 
Chemical Mixtures, co-sponsored by several 
federal and international agencies], and pro- 
grams sponsored by the U.S. EPA, the National 
Institute of Environmental Health Sciences 
(NIEHS), Centers for Disease Control and 
Ptevention (CDC), and the ATSDR Although 
neither the concept of chemical interaction nor 
the laws addressing mixtures are new [the 
U.S. EPA (1986) first issued guidelines for mix- 
tures in 1986 in support of CERCLA], the cur- 
rent interest and attention to mixtures are new. 
The focus on chemical interactions, particularly 
at environmentally televant concentrations, is 
an important step toward advancing our under- 
standing of the human health and environmen- 
tal impact of mixtures. This new energy 
devoted to chemical mixtures inaugurates an 
exciting era in the evolution of toxicology. 

Chemical Regulation 
in the United States 

The chemical conttol laws reviewed below, 
which evolved during the past 100-150 years, 
range from controls for pesticide residues to 
allowable concentrations of chemicals in sur- 
face or drinking waters. And, most focus on 
control of individual chemicals. Although 
some processes by which the toxicity of whole 
effluents are evaluated as complex mixtures, 
the focus of this overview is the body of laws 
designed to protect human health, which 
relies primarily upon evaluation and control 
of individual chemicals. 

The laws are discussed in chronologic order 
(for the most part) and primarily focus on con- 
trol of the environmental release of chemicals, 
except for the Occupational Health and Safety 
Act (OSHA) of 1970 (OSHA 1970). OSHA 
was included because some of the first methods 
for evaluating risk from multiple chemicals 
developed in the field of occupational health. 

Federal Food, Drug and Cosmetic Act. 
One of the first chemical control acts, the 
Drug Importation Act of 1848, although 
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short-lived, was enacted to protect the public 
from importation of ineffective adulterated 
drugs (Worobec 1986). The development and 
sale of unregulated remedies and food preserv- 
atives prompted further regulation and pro- 
vided motivation for studies on their health 
effects. Preservatives were tested by Harvey 
Wiley's now infamous "poison squad": 
U.S. Department of Agriculture (USDA) vol- 
unteers who ingested several commonly used 
food preservatives (e.g., formaldehyde) (Hutt 
and Hutt 1984; Wiley 1907). These studies 
resulted in the creation of early food and drug 
control laws, such as the Food and Drug Act 
of 1906. Our current Federal Food Drug and 
Cosmetic Act of 1938 (as amended; FFDCA) 
authorizes assessments of the safety of new 
drugs, food additives, and colors and specifies 
tolerance levels for pesticides and other chemi- 
cals that may occur in foods (FFDCA 1938). 
It was the 1958 Food Additives Amendment 
(FFDCA 1958) that set forth the Delany 
Clause, prohibiting the approval of food addi- 
tives found to cause cancer in humans or ani- 
mals. With the advent of the Food Quality 
Protection Act of 1996 (FQPA; discussed 
below), the FFDCA was amended to elimi- 
nate the applicability of the Delany Clause to 
pesticides (FDA 2002; FQPA 1996). 

From the earliest tests conducted by Wiley 
to many of the current toxicity tests, chemicals 
are tested and regulated on a single-chemical 
basis. Recent concerns for multiple or mixed 
pesticide residues in foods, however, have 
resulted in amendments to the FFDCA that 
address potential exposure pesticide mixtures 
in foods (FQPA 1996), as discussed below. 

Federal Insecticide, Fungicide and 
Rodenticide Act. Before the 1970s, the 
USDA's Federal Insecticide, Fungicide and 
Rodenticide Act (FIFRA) of 1947 was essen- 
tially geared toward protecting consumers from 
ineffective products (FIFRA 1972; Worobec 
1 986). The act was later amended several 
times, with the 1972 amendments providing 
the basis for current pesticide regulation. 
Jurisdiction of the act transferred from the 
USDA to the U.S. EPA in 1970. The changes 
in FIFRA beginning in the 1970s, along with 
the creation of the U.S. EPA, likely boosted 
the expanding field of environmental toxicol- 
ogy, with environmental toxicologists adapting 

methodologies to fulfill the regulatory require- 
ments to characterize individual chemicals 
(e.g., Rand and Petrocelli 1985). 

Food Quality Protection Act. Together, 
the FFDCA and FIFRA regulate a large share 
of chemicals to which humans are exposed 
through their foods, drugs, and agricultural 
practices, primarily by setting tolerances and 
allowable concentrations for individual chemi- 
cals. Recent amendments to both FIFRA and 
the FFDCA via the FQPA depart from this 



practice by setting health-based standards for 
aggregate exposures (e.g., all dietary and resi- 
dential exposures) to similar-acting pesticides 
in foods (FQPA 1996; U.S. EPA 2003a). The 
FQPA is one of the first attempts by the U.S. 
government to develop pesticide tolerances 
based on their potential for combined toxicity. 
(The methodology is discussed briefly later in 
this overview.) Fully addressing this goal will 
likely require development of new techniques 
to address more complex combinations (e.g., 
combined exposure to organophosphates 
and arsenic would not be addressed using the 
current approach). 

CUan Air Act. The Clean Air Act (CAA) 
of 1955 [CAA 1955; summarized in U.S. EPA 
(1993a)l was created to ameliorate increasing 
smog problems, as exemplified by the Donora 
Smog of 1948 (Davis 2002). Although the 
early legislation mainly provided funds for air 
quality research rather than setting limits for 
pollutant releases, subsequent amendments 
eventually provided the U.S. EPA with an 
opportunity to develop national standards 
protective of human health and welfare. The 
1970 amendment, for example, authorized the 
U.S. EPA to set forth National Ambient Air 
Quality Standards (NAAQS). The U.S. EPA 
issued its first six standards that specified 
allowable releases of the chemicals in 1971 
(Worobec 1986). Before development of a 
new NAAQS, the U.S. EPA must develop air 
quality criteria for each chemical, detailing the 
scientific rationale for regulation. Under the 
CAA the U.S. EPA may consider the cumula- 
tive impact of chemicals from multiple sources 
and is directed to include information on air 
pollutants that "may interact with such pollu- 
tant to produce an adverse effect on public 
health or welfare" (CAA 1955; U.S. EPA 
1993a; Worobec 1986). 

Clean Water Act. Amendments to the 
early Federal Water Pollution Control Act of 
1948, inspired by increasing awareness of the 
degradation of the nation's waterways such as 
the release of kepone into the James River in 
Virginia, created the Clean Water Act (CWA) 
of 1 972 for protection of surface waters 
(CWA 1972; U.S. EPA 1978; Worobec 
1986). Under the CWA the U.S. EPA is 
directed to develop water quality criteria out- 
lining permissible pollutant loadings for a par- 
ticular water use and states are directed to set 
water quality standards that include limita- 
tions on individual chemicals [for a summary 
see U.S. EPA (2003b) and Worobec (1986)]. 

Additionally, under the CWA, states, terri- 
tories, or authorized tribes are mandated to 
develop the total maximum daily load (TMDL) 
for water bodies that are impaired or do not 
meet the state's water quality standard. 
Although by definition a TMDL refers to "the 
sum of the allowable loads of a single pollutant 
from all contributing [sources]" (U.S. EPA 



2003c) when developing TMDLs, the 
U.S. EPA recommends that water quality, 
water chemistry, and cumulative impacts of 
individual chemicals and chemical mixtures 
be addressed through methods that may 
indude single-chemical, whole-effluent toxic- 
ity testing (WET) and bioassays (U.S. EPA 
1991). WET addresses complex chemical 
mixtures (U.S. EPA 1995, 2002); however, 
because they are designed primarily for the 
protection of aquatic health rather than 
human health, they will not be discussed fur- 
ther in this overview. Although requirement 
for TMDL is not new to the CWA, imple- 
mentation of the TMDL is relatively recent, 
brought about in part by the legal action of 
citizens groups (U.S. EPA 2003d). It is 
unclear how often multiple chemical impacts 
are actually addressed. 

Safe Drinking Water Act. We rely upon 
both surface water (protected by the CWA) 
and groundwater for drinking. The Safe 
Drinking Water Act (SDWA) of 1974 
(amended in 1986 and 1996) was intended to 
protect drinking water and fill gaps left by the 
surface-water-focused CWA (SDWA 1974; 
U.S. EPA 2003e). Like much of the CWA, 
the SDWA also regulates on an individual 
chemical basis. 

Amendments to the SDWA in 1996, 
however, now require "new approaches for 
studying the adverse effects of contaminant 
mixtures in drinking water" (U.S. EPA 
1996). Concerns about complex mixtures of 
disinfection by-products (DBPs) in drinking 
water, for example, have led to research on 
the reproductive and developmental toxicity 
of DBPs (Simmons et al. 2002). 

Toxic Substances Control Act. The Toxic 
Substances Control Act (TSCA) of 1976 
(TSCA 1976) enabled the U.S. EPA to track 
industrial chemicals and to more collectively 
consider all uses of a particular chemical or 
chemical mixture with a focus on human 
health and environmental impacts (TSCA 
1976). It was TSCA's enactment that led to 
the ban on polychlorinated biphenyls (PCBs) 
(U.S. EPA 1979; Worobec 1986). Note, how- 
ever, that the language of TSCA seems to refer 
only to commercial or industrial mixtures 
rather than mixtures resulting from separate 
processes involving several different chemicals 
(TSCA 1976; U.S. EPA 2003f). 

Occupational Safety and Health Act. 
Because some of the first risk assessment tech- 
niques addressing chemical mixtures were 
developed for worker protection (OSHA 
1970), OSHA is included in this overview. 
OSHA was designed in part to protect work- 
ers from exposure to harmful chemicals 
through establishment of standards and guide- 
lines for individual chemicals. Before its enact- 
ment in 1970, industry, industrial hygienists, 
and workers recognized the need for worker 
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protection. In the early 1940s, before any 
federal regulation, the American Conference of 
Governmental Industrial Hygienists (ACGIH) 
began developing what eventually became 
known as threshold limit values for exposure 
to industrial chemicals (ACGIH 2004). 

Because industrial workers were seldom 
exposed to one chemical at a time, in 1963 
the ACGIH established a methodology to 
address exposure to chemical mixtures 
(ACGIH 1963). The method was fairly 
straightforward: Unless there was evidence to 
the contrary, mixtures of chemicals that act 
on the same organ were to be treated in an 
additive manner using what they called the 
"additive mixture" formula (ACGIH 1963). 
OSHA gave the Occupational Safety and 
Health Administration the authority to adopt 
existing occupational exposure limits as legally 
enforceable exposure limits. In 1971 the 
ACGIH's additive mixture formula was thus 
adopted as part of the "Z-table" permissible 
exposure limits (OSHA 1970, 1971). Note 
that workers may be exposed to relatively 
high chemical concentrations compared with 
many environmental exposures, which may 
have contributed to the ACGIH's early focus 

Together, the chemical control laws 
reviewed above make up the bulk of laws that 
govern the production and use of chemicals 
in drugs, food, consumer products, and the 
workplace, and control the release of chemi- 
cals into the environment. In large part, these 
laws focus on individual chemicals, and it is 
likely that before and after their enactment, a 
great deal of energy and funding were 
directed toward further use and development 
of single-chemical testing. 

The rationale for a single-chemical 
approach in situations where multiple chemi- 
cals exist is partly based on the premise that 
chemical interactions either do not occur or 
are not toxicologically important at very low 
concentrations (e.g., below the NOAEL). 
However, a recent review of toxicologic stud- 
ies designed to identify hormetic responses 
(defined as low-dose stimulation and high- 
dose inhibition) revealed that low-dose 
responses (below NOAEL) were "frequently 
encountered and [are] broadly represented 
according to agent, model and end point" 
(Calabrese and Baldwin 2001). Depending 
on the end point (e.g., endocrine alterations, 
tumor cell proliferation, organ proliferation, 
and immune alterations), a hormetic response 
may be considered beneficial, neutral, or 
adverse (Calabrese 2004). Recently, combina- 
tions of several estrogenic contaminants at 
concentrations below the NOEC were 
reported to greatly enhance estradiol 17p 
activity (Rajapakse et al. 2002). The potential 
for biologic effects below NOAEL, whether 
stimulatory or other, highlights the need, as 



discussed above, for research on potential 
interactions at these low concentrations. 

Comprehensive Environmental Response, 
Compensation, and Liability Act and 
Resource Conservation and Recovery Act. The 
Resource Conservation and Recovery Act of 
1976 (RCRA) and CERCLA were enacted to 
further reduce the release of industrial chemi- 
cals from operating and inactive facilities, 
respectively (CERCLA 1980; RCRA 1976). 
It is within these laws that the issue of chemi- 
cal mixtures is most explicitly addressed. 

The primary goal of RCRA is to protect 
humans and the environment from contami- 
nants by empowering the U.S. EPA to control 
chemicals from their production to their dis- 
posal (or reuse) in both active and future facili- 
ties (RCRA 1976; U.S. EPA 1989a, 2003g). 
Notably, the guidance document for RCRA 
facility investigation allows for consideration of 
the additive health risk from multiple chemi- 
cals when assessing the site (U.S. EPA 1989b). 

CERCLA, or Superfund, enacted in 
1980, was designed to deal with hazardous 
waste that was for the most part not regulated 
under RCRA or any other environmental 
law — those chemicals released into the envi- 
ronment by closed and abandoned hazardous 
waste sites (CERCLA 1980; U.S. EPA 1989b, 
2003h). The U.S. EPA Risk Assessment 
Guidance for Superfund acknowledges that 
"simultaneous subthreshold exposure to sev- 
eral chemicals could result in an adverse 
health effect" such that estimates based on 
single chemicals might underestimate the 
overall risk (U.S. EPA 1989b). 

To aid risk assessors in the evaluation of 
chemical mixtures, the U.S. EPA developed 
guidance documents for the assessment of 
human health impacts from chemical mix- 
tures (U.S. EPA 1986, 2000). Additionally 
the ATSDR, which conducts public health 
assessments at National Priorities List sites 
under CERCLA (U.S. EPA 1989b), has also 
initiated a chemical mixtures program, which 
includes the development of a guidance docu- 
ment for chemical mixtures assessment and 
several interaction profiles for commonly 
occurring chemical mixtures discussed below 
in this overview (ATSDR 2004). 

The U.S. EPA's Supplementary Guidance 
for Conducting Health Risk Assessment of 
Chemical Mixtures (U.S. EPA 2000) is a 
compilation of several different approaches to 
mixtures. Both this document and its prede- 
cessor include methodology cited by other 
agencies, including the Air Force Center for 
Environmental Excellence, which defers to 
U.S. EPA methodology under its risk assess- 
ment methods (HQAFCEE 2003), and the 
ATSDR. Selected sections of the U.S. EPA 
document are reviewed below. As with any 
guidance document, its use is at the discretion 



The U.S. EPA's Supplementary 
Guidance for Conducting 
Health Risk Assessment 
of Chemical Mixtures 

Complex Mixtures 

For complex mixtures, particularly those that 
consist of commonly produced commercial or 
industrial mixtures, the preferred method is to 
use mixture-specific toxicity data. This 
method is most appropriate for complex mix- 
tures such as diesel fuels for which a great deal 
of toxicity data exist on the mixtures as a 
whole (e.g., World Health Organization 
1996). PCBs are another mixture that at times 
has been treated as a complex mixture, with 
toxicity tests on specific PCB mixtures (e.g., 
Aroclor 1254 or Aroclor 1248), and at times 
treated as a simple mixture now that a number 
of the individual components have now been 
well characterized (e.g., Eisler 1986; Eisler and 
Belisle 1996; Safe 1990; Safe et al. 1985). 

However, once released into the environ- 
ment, depending on the mixture, previous 
use, route of release into the environment, 
and time in environment, the components of 
a mixture such as diesel fuel or PCBs may be 
altered (i.e., "weathered"). As a result, the 
mixture for which toxicologic data exist may 
not be identical in composition to the mix- 
ture in the environment. In these cases a risk 
assessor may opt to use a mixture that is con- 
sidered "sufficiently similar" (U.S. EPA 
2000). Unfortunately, toxicity data on whole 
mixtures or similar mixtures are seldom avail- 
able for chemical mixtures other than the 
original commercial or industrial mixture. 

Simple Mixtures 

In the absence of adequate data on a particular 
mixture, risk assessors may apply a "compo- 
nents" approach, where the data for each indi- 
vidual chemical are combined, most often in 
an additive manner. According to the 
U.S. EPA, should any information reveal the 
potential for interaction (i.e., synergism, 
antagonism), then these data "should be incor- 
porated into the component-based approach. 
When there is no adequate interactions infor- 
mation, dose- or response-additive models are 
recommended" (U.S. EPA 2000). In the 
absence of evidence of chemical interaction, 
assumption of no interaction is the default 
approach, although, as discussed above, few 
data are available on chemical interactions, 
particularly at very low concentrations. 

Dose addition. Dose addition is suggested 
for chemicals that have similar toxicologic end 
points and toxicokinetics and for which either 
a lack of interaction is assumed or demon- 
strated through experimental data. In this case, 
similar toxicologic end points means chemicals 
that act by the same mechanism (e.g., chemi- 
cals bind with the same biologic teceptor) or, 
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if interpreted more broadly, damage the same 
target organ (Hertzberg and Teuschler 2002). 

The dose addition methodology assumes 
that the potency of each chemical in the mix- 
ture can be calculated relative to each other or 
to one common chemical. Three methods of 
dose addition are the relative potency factor 
(RPF), the toxic equivalency factor (TEF), 
and the hazard index (HI). When mecha- 
nisms of action are well understood, RPF and 
TEF methods are recommended, whereas the 
HI is recommended in the absence of mecha- 
nistic data (U.S. EPA 1989b). 

The RPF for a chemical is scaled accord- 
ing to its potency relative to an index chemi- 
cal, a select chemical that is well characterized 
toxicologically and considered representative 
of the chemicals in the mixture. Chemicals 
that act through cholinesterase inhibition are 
suitable candidates for RPF methodology, 
and the U.S. EPA provides an example of 
RPF calculation using chlorophos as the 
index chemical. RPFs for all like-acting chem- 
icals are scaled relative to chlorophos by cal- 
culating the ratio of a common measure of 
potency, such as the dose concentration 
(U.S. EPA 2000). The contribution of each 
individual chemical (in terms of chlorophos 
equivalent exposure) is determined by multi- 
plying the RPF by either a calculated or mea- 
sured quantity of each chemical [e.g., fruit 
and ingestion rates might be used to calculate 
exposure (U.S. EPA 2000)]. The predicted 
response is then quantitaced using the sum of 
equivalent exposures and the dose-response 
curve for the index chemical. In this way, the 
RPF method provides a means for treating 
this kind of chemical mixture as a single 
chemical. In accordance with the FQPA, 
RPFs were recently calculated for a group of 
organophosphate pesticides (U.S. EPA 2001). 

The TEF is consideted by the U.S EPA to 
be a "special application" of the RPF. TEFs 
have been developed for several organochlorines 
that act primarily via the aryl hydrocarbon 
receptot, using 2,3,7,8-tetrachlorodibenzo-/>- 
dioxin (TCDD) as the reference chemical 
(Van den Berg et al. 1998). The cumulative 
impact of the mixture is derived using the con- 
centration of each chemical and the appropriate 
TEF (U.S. EPA 2000). There seems to be a fine 
line between those chemicals suitable for RPF 
and those suitable for TEF. According to the 
U.S. EPA, "the RPF method uses empirically 
derived scaling factors that are based on toxicity 
studies of the effect and exposure conditions of 
interest in the assessment," whereas the TEF is 
based on "extensive mechanistic information 
that shows all the toxic effects of concern share 
a common mode of action" (U.S. EPA 2000). 

With the HI, as with the RPF, there is an 
assumption that the impact of the chemicals is 
cumulative yet not interactive and involves 
adding up component concentrations. In this 



case, chemicals for which reference doses 
(RfDs) or reference concentrations (for inhala- 
tion) are available and that have been identi- 
fied as chemicals of concern at the site are 
scaled using a common end point such as the 
RfD. The RfD is based on the NOAEL 
(derived through toxicity testing, including 
subchronic and chronic whole-animal studies) 
for the most sensitive end point, or the critical 
effect (U.S. EPA 1993b). This use of the criti- 
cal effect assumes protection against any other 
toxic effects that may occur from exposure to 
the chemical. The contribution of each chemi- 
cal component to the HI would then be calcu- 
lated by dividing its concentration (Q by the 
RfD (C/RfD). This ratio produces a relative 
potency. These scaled concentrations are then 
added together to develop the HI for the 
whole mixture. 

If the HI is equal to one, then the total 
exposure is interpreted as being equal to the 
mixture RfD (U.S. EPA 2000). Anything 
greater than one would represent a total con- 
centration that is above the RfD, the interpre- 
tation of which would likely depend upon the 
situation and involve some judgment on the 
part of the risk assessor. An HI > 1 may 
prompt a risk assessor toward derivation of 
tissue- and mechanism-specific His to more 
accurately evaluate the mixture (U.S. EPA 
1989b), although assessors are not required to 
do so. When using this approach, the 
U.S. EPA suggests that "exposure data should 
be at relatively low levels (near NOAEL), at 
which interaction effects are not expected" 
(U.S. EPA 2000). 

Response addition. Like dose addition, 

approach. The U.S. EPA suggests using 
response addition for chemicals that act so dif- 
ferently—the presence of one chemical in no 
way affects the toxicity of another chemical 
[U.S. EPA 2000; i.e., similar to independent 
joint action (Bliss 1939)]. The primary appli- 
cation of response addition has been limited to 

although the U.S. EPA guidelines suggest that 
this method could be applied to end points 
such as reproductive toxicity (which may all be 
different from each other but categorized as 
"reproductive end points") (U.S. EPA 2000). 

Response addition is used because each 
chemical in the mixture has a different critical 
effect rather than a common critical end point. 
The U.S. EPA suggests that dose-response 
curves developed through toxicity testing, with 
response "measured by the percentage ofex- 
posed animals that show toxicity or the pro- 
portion of the population responding" 
(U.S. EPA 2000), could be used to estimate 
risk for each chemical and then summed to 
determine a cumulative risk. Because numeri- 
cally adding risks will work only when there 
are low individual risks, this method would 



apply only to chemicals present in small 

When applying additive methodology, if 
all chemicals in a mixture do not contribute 
to toxicity, or if an antagonistic interaction 
occurs, an assumption of additivity could 
produce an overestimate of risk. Similarly, 
synergistic interactions might result in an 
underestimate. According to the U.S. EPA, 
"additivity assumptions are expected to yield 
neutral risk estimates" (U.S. EPA 1986). 

The U.S. EPA's MIXTOX database was 
intended to serve risk assessors and others as a 
database for interactive effects of chemicals. 
Howevet, when first compiled, the database 
consisted primarily of binary studies and 
included only a small fraction of the potential 
chemical combinations that could exist at haz- 
ardous waste sites (Hertzberg and MacDonell 
2002). An analysis of the database revealed 
that approximately 25% of the studies demon- 
strated "consistent synergism," whereas the 
majority of studies showed mixed interactions, 
where a chemical pair might show synergy in 
one study and some other interaction in 
another (Hertzberg and MacDonell 2002). 
The authors of that study suggested that these 
differences might result from differences in the 
timing or sequence of chemical exposure, 
observations of different target organs, or dif- 
ferent end points. Addressing only these issues 
(e.g., timing, concentration, and end points) 
with several different chemicals presents a 
potentially overwhelming task for toxicologists 
using traditional methodology. 

Interaction-based Hazard Index method. 
The interaction-based HI method is based on 
the HI but is designed to incorporate interac- 
tion data from binary testing to modify the HI. 
According to the U.S. EPA (2000), the method 
was developed explicitly to use binary interac- 
tion data and assumes that binary interactions 
reflect most of the possible interactions of the 
mixture. For example, a chemical combination 
of two chemicals A and B might affect the 
metabolic function of the liver and the heart, 
respectively. Chemical B is detoxified by the 
liver. If the liver is affected by chemical A, and 
its ability to detoxify chemical B is reduced, 
then combined exposuie to these chemicals 
would result in enhanced toxicity, or a syner- 
gistic interaction. The influence of a third 
chemical C would then be assessed according 
to its binary interactions, first with A and then 
with B. The three-way interaction of A, B, 
and C would not be addressed explicitly but 
would be assumed to be not as significant as 
the two-way interactions. 

The interaction-based HI method is 
modified by a "weight of evidence" evaluated 
by the risk assessor. The weight of evidence is 
dependent upon data available within the 
binary mixtures database and requires some 
judgment by the tisk assessor in determining 
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the nature of the chemical interaction, such as 
direction of the interaction (e.g., synergistic, 
antagonistic), plausibility that the interaction 
will occur, and the potential relevance of the 
interaction to human health (U.S. EPA 2000). 
If available, the magnitude of interaction 
would be incorporated as well. 

Recently, the U.S. EPA conducted an 
evaluation of the application of dose addition 
for noncarcinogens and response addition 
for carcinogens, using the Comprehensive 
Environmental Response, Compensation, and 
Liability Information Svstem database 
(U.S. EPA 2004a). From a 'limited review of 
10 Records of Decision (full assessments were 
not always available), they concluded that 
"U.S. EPA practice is consistent with its own 
guidance regarding chemical mixtures assess- 
ment" (U.S. EPA 2004b). Mixtures assess- 
ments by the U.S. EPA and other agencies 
merit expanded analysis. 

This brief overview of chemical regula- 
tion, toxicology, and the U.S. EPA guidance 
document brings up several important con- 
siderations in mixtures assessment: a) few data 
exist on many chemical mixtures; b) of those 
that do exist, most evaluate binary combina- 
tions; and c) few studies address chronic expo- 
sure to low concentrations of chemicals. As a 
result, the U.S. EPA guidance is to some 
extent constrained by these data limitations. 
As noted by members of the SOT-Society of 
Environmental Toxicology and Chemistry 
(SOT-SETAC) Working Group, 

current methods of conducting chemical mixtures 
health risk assessments were developed to use 
available experimental data. . . These methods 
generally rely on default assumptions whose valid- 
ity is unknown. (Teuschler et al. 2002) 

Current and Future Research 
on Chemical Mixtures 

Although the concept of chemical interaction 
is not new, a new focus on mixtures has arisen 
in all areas of toxicology and regulatory policy 
in the United States. The need for improved 
chemical and toxicologic data and methodol- 
ogy for chemical mixtures to which the public 
is exposed has resulted in several initiatives by 
U.S. governmental agencies and researchers 
over the past decade. For example, the ATSDR 
developed a guidance for chemical mixtures 
that is fairly similar to the U.S. EPA guidance, 
although the ATSDR seems to place greater 
emphasis on physiologically based pharmacoki- 
netic (PBPK) and pharmacodynamic (PBPD) 
modeling. The ATSDR has also developed, 
through literature review, interaction profiles 
for nine commonly occurring mixtures (e.g., 
one profile is for arsenic, cadmium, chromium, 
and lead) (ATSDR 2002; Hanson et al. 1998). 
The profiles, although often reliant on binary 
combinations, provide a detailed bibliography 
and literature review on selected mixtures and 



may at lease highlight mixtures that depart 
from the assumption of additivity. 

Additionally, other agencies such as the 
NIEHS, National Toxicology Program, and 
National Institute for Occupational Safety 
and Health have also begun programs to char- 
acterize exposures, develop biomarkers, and 
evaluate environmentally relevant mixtures 
(Bucher and Lucier 1998). A combined effort 
by the SOT-SETAC working group set forth 
three key ideas for future efforts: a) studies of 
mixtures should use low doses (e.g., below 
NOAEL); b) researchers should employ col- 
laborative efforts; and c) researchers should 
explore novel approaches and technologies, 
noting that traditional animal-based toxico- 
logic techniques are inadequate for such a 
complex issue (Teuschler et al. 2002). 

In light of recent studies demonstrating 
endocrine disruption at concentrations below 
NOAELs or NOECs (Cavieres et al. 2002; 
Payne et al. 2000; Welshons et al. 2003), 
potential for hormetic stimulation (Calabrese 
2004; Calabrese and Baldwin 2001), and 
cumulative impacts (Rajapakse et al. 2002), 
improving our understanding of chemical 
interactions at levels below NOAEL is clearly 
an important goal. 

Collaborative efforts should involve not just 
toxicologists and their traditional collaborators 
(e.g., pharmacologists, epidemiologists, ecolo- 
gists) but also other disciplines that work with 
complex systems, such as mathematics and 
physics. Additionally, new research approaches 
could incorporate community knowledge; for 
example, health surveys conducted by commu- 
nity members in collaboration with public 
health professionals might be used in addition 
to oral histories collected by agencies such as 
the ATSDR ot the Occupational Safety and 
Health Administration. Including a commu- 
nity perspective (e.g., cultural practices, 
endemic diseases) may help to broaden our 
awareness of both chemical exposure and the 
public health impacts of chemical mixtures. 

Toxicologists and others such as those 
working in genetics, molecular toxicology, or 
the newly developing field of toxicogenomics 
(Feron et al. 2002; Thomas et al. 2002) may 
soon be able characterize a chemical's effect at 
the genetic level. However, chemicals may 
affect several different physiologic systems, 
and many of the body's systems interact with 
each other (e.g., neuroendocrine, immune, 
and reproductive) (Carpenter et al. 1998) such 
that the biologic relevance or health impacts of 
these changes may sometimes be difficult to 
interpret. Consideration of chemical mixtures 
adds yet anothet layer of complexity. 

Although one approach to reduce com- 
plexity may be to prioritize effects thought to 
be reliable predictots of health (e.g., selection 
of a critical end point), any prioritization must 
be flexible because that knowledge is limited by 



the current body of research. For example, 
although laboratory researchers had reported a 
range of endocrine or neuroendocrine toxicity 
in fish and wildlife for decades (Colborn and 
Clement 1992), many of these end points were 
not considered for human toxicity testing of 
industrial chemicals or standards development 
until the 1990s. After amendments to the 
SDWA and the passage of the FQPA, the 
U.S. EPA was directed to develop a screening 
program to identify the effects of chemicals on 
the endocrine system (U.S. EPA 1999). The 
Endocrine Disruptor Screening and Testing 
Advisory Committee was initiated to provide 
recommendations for the development of a 
screening program that would serve to provide 
information on endocrine-disrupting chemicals 
for regulatory application (Ankley et al. 1998; 
U.S. EPA 1999). 

An improved database on individual 
chemical toxicity developed using new tech- 
niques or end points (e.g., genetics, endocrine 
testing) may improve the assessment of indi- 
vidual chemicals and aid in the development 
of computer models. Models designed to pre- 
dict the effects of single chemicals (or drugs), 
including PBPK and PBPD modeling, have 
been under development for years. These 
models may eventually be useful for mixtures 
assessment (Bond and Medinsky 1995; 
Bucher and Lucier 1998), or at the very least, 
for predicting dose-dependent interactive 
effects. Currently, these models rely upon data 
derived from species-specific studies with sin- 
gle chemicals or, at best, binary combinations. 
However, a recent analysis using the PBPK 
framework with the common mixture of ben- 
zene, toluene, ethylbenzene, and xylene (e.g., 
BTEX) concluded that using mechanistic data 
derived from experiments with binary interac- 
tions could be exttapolated to more complex 
mixtures and different mixtures (Haddad et al. 
2000). PBPK models may also be applied to 
the evaluation of metabolic interactions of cer- 
tain chemical mixtures and elucidation of 
interaction thresholds (Dobrev et al. 2002). 

Although these models offer some 
promise toward understanding and possibly 
screening for interactive effects of chemical 
mixtures (perhaps serving as a guide for more 
detailed studies), a great deal of validation will 
be necessary before they can be applied to 
chemical mixtures assessment. Presently, it is 
questionable if a computer model can fully 
represent the complexity of interactions of 
multiple chemicals in biologic systems. 

At the other end of the methodologic 
spectrum are health-based approaches that 
implicitly consider the combined impact of 
chemicals on human health. These approaches 
include geographic/epidemiologic techniques, 
often focusing on a particular location (or set 
of locations) rather than on any particular 
mixture (Carpenter et al. 2001; Gilbertson 
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et aJ. 2001; Nuckols et al. 1994). For example, 
Carpenter et al. (2001) studied the incidence 
of endocrine disease (e.g., thyroid and genital 
diseases) in areas of concern, areas where the 
potential for exposure to a suite of chemical 
contaminants exists, and found increased inci- 
dences of selected diseases. These studies are 
not designed to link cause and effect and cur- 
rently are not directly applicable to current 
regulatory practices, but they may serve as a 
"hypothesis-generating exercise that will help 
sharpen the focus of research" (Elliot et al. 
2001). Perhaps regulatory practices in the 
future may consider such studies. Another 
approach that integrates the effects of chemical 

employees working at large waste disposal sites 
were found to have an increased incidence of 
chromosomal abnormalities compared with a 
control group (Fender and Wolf 1998). 

Recendy, the Pew Environmental Health 
Commission called for strengthening the 
nation's public health system through several 
avenues, including merging the ATSDR with 
the National Center for Environmental Health 
in addition to providing federal support to 
improve community health monitoring to 
track diseases that may be caused by environ- 
mental contamination (Pew Environmental 
Health Commission 2001). A well-developed 
national repository of chronic diseases and 
developmental disabilities may aid toxicolo- 
gists, epidemiologists, and others in the identi- 
fication linkages between public health and 
contaminant exposure. 

Finally, the Framework for Cumulative 
Risk Assessment set forth by the U.S. EPA in 
2003 (U.S. EPA 20031) moves even further 
away from single-chemical approach toward a 
multiple stressor approach (with stressor 
defined as "any physical, chemical or biological 
entity that can induce an adverse response"). 
Communities located near hazardous waste 
sites or heavily industrialized areas may be the 
ultimate integrators of the cumulative impacts 
of chemical mixtures. In some cases, these 
communities and the agencies responsible for 
evaluation and remediation of these sites have 
reached an impasse because of issues resulting 
from chemical mixtures. Progress toward 
addressing mixtures will depend upon creative 
and perhaps radically different approaches by 
regulators, toxicologists, and those with 
whom they collaborate. Under the cumulative 
risk initiative the U.S. EPA has worked with 
several communities to address the cumula- 
tive impacts of health hazards. For example, 
work with community groups from Cook 
County, Illinois, and Lake County, Indiana, 
was initiated after concerns were expressed 
about several different toxic emissions (e.g., 
dioxins, mercury, lead, and cadmium) from 
several proposed or existing incinerators 
(U.S.EPA2003i). 



Conclusion 

The goal of this overview was to survey both 
the science and regulatory history of chemical 
toxicants and to consider the relationship 
between the two. There is a shared 100- to 
150-year history of single-chemical regulation 
and single-chemical research in the United 
States. Although consideration of chemical 
mixtures is not new to either realm, there is 
currently, and has been for the past decade, 
a greater emphasis on development of both 
scientific and regulatory methodology to 
improve our ability to evaluate the human and 
environmental health impacts of chemical 
mixtures (although only human health was 
addressed here). 

When developing new methodology, new 
regulatory guidelines, or a new science, it may 
be useful to consider the forces acting to shape 
them (e.g., the existing knowledge base, avail- 
able technology, funding, research opportuni- 
ties, academic and government needs). 
Toxicology and chemical regulation are closely 
linked, and it is of interest to consider whether 
early chemical regulations encouraged the 
growth of a single-chemical science or if the 
existing toxicologic methodology and database 
moved regulators to consider controlling indi- 
vidual chemical exposures. If the single-chemi- 
cal focus developed as a response to regulatory 
needs, what were the costs and benefits from 
that telationship? What were the limitations? 
More recently, for example, one might con- 
sider how the regulatory policy shift toward 
identification of endocrine disruption has 
influenced toxicologic research. 

For various reasons, including regulatory 
requirements, improved technology and meth- 
odology, and perhaps public pressure, the chal- 
lenge of chemical mixtures is shifting some part 
of toxicology away from the single-chemical 
model toward a different model that embraces 
multiple chemical exposures. Although there 
clearly remains a need for single-chemical toxi- 
cology in support of current public, regulatory, 
and industrial needs, there is also a need to 
develop mixtures methodologies. The knowl- 
edge derived from these two approaches can 
also inform each other, with single-chemical 
mechanistic and genetic data potentially useful 
in mixtures research, and an improved under- 
standing of how combinations of multiple 
endogenous and foreign chemicals behave in 
the body contributing to better characterization 
of the toxic effects from single chemicals. 

Toxicology and chemical regulation are at 
an exciting crossroads. Although this overview 
touched upon only past practices, its intent 
was to provoke both scientists and regulators 
to consider how their respective disciplines 
might influence one another and how they 
might influence the development of a model 
that integrates both single- and multiple- 
chemical approaches. 
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